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Abstract

Egyptian adolescents are hired as seasonal workers to apply pesticides to the cotton crop and may 

perform this occupation for several years. However, few studies examined the effects of repeated 

pesticide exposure on health outcomes The goal of this study was to determine the impact of 

repeated pesticide exposure on neurobehavioral (NB) performance and biomarkers of exposure 

(urinary metabolite) and effect (cholinesterase activity). Eighty-four adolescents from two field 

stations in Menoufia, Egypt, were examined four times: before and during pesticide application 

season in 2010 and again before and during application season in 2011. At each of the four time 

points, participants completed a questionnaire, performed an NB test battery, and were assessed 

for urinary levels of the chlorpyrifos metabolite TCPy (3,5,6-trichloro-2-pyridinol) and blood 

cholinesterase activity. Following the study cohort over two consecutive pesticide application 

seasons revealed that TCPy levels significantly increased following exposure, and returned to 
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baseline levels following the end of the application season. Blood butyryl cholinesterase activity 

exhibited a similar pattern. Although NB outcomes displayed learning and practice effects over 

time, deficits in performance were significantly associated with increased TCPy levels with 

reduction in the number of NB measures showing improvement over time. Biomarkers of exposure 

and effect demonstrated changes associated with pesticide application and recovery after 

application ended. Deficits in NB performance were correlated with elevated pesticide exposure. 

Data demonstrated that repeated pesticide exposure may exert a long-term adverse impact on 

human health.

Introduction

There is evidence of neurotoxicity of chronic low-to-moderate level exposure to 

organophosphorus (OP) pesticides among adult farmworkers and pesticide applicators. 

These studies demonstrated an association between occupational exposure and biomarkers 

of exposure such as urinary 3,5,6-trichloro-2-pyridinol (TCPy, a chlorpyrifos (CPF) 

metabolite) (Fenske et al. 2003; Hines and Deddens 2001; Steenland et al. 2000) and effect 

(cholinesterase activity) (Farahat et al. 2003; Srivastava et al. 2000), neurobehavioral (NB) 

performance (Bazylewicz-Walczak, Majczakowa, and Szymczak 1999; Farahat et al. 2003; 

Fiedler et al. 1997; Gomes et al. 1998; Kamel et al. 2003; Mackenzie Ross et al. 2010; 

Rohlman et al. 2007; Roldan-Tapia et al. 2005; Stephens et al. 1995), and self-reported 

symptoms (Farahat et al. 2003; London et al. 1998; Ohayo-Mitoko et al. 2000; Smit et al. 

2003). However, the majority of investigations relied upon a single time-point comparison 

between an exposed and an unexposed group. Further, few studies examined the impact of 

exposure among adolescent (age 14–24, (Geiger and Castellino 2011)) applicators, although 

those investigations noted similar findings (Abdel Rasoul et al. 2008; Eckerman et al. 2007; 

Ismail et al. 2017; Rohlman et al. 2014).

As farmworkers and pesticide applicators typically apply pesticides in repeated cycles and 

across multiple seasons, there is a need to examine the influence of repeated exposure on 

biomarkers and NB outcomes. However, only a few investigators examined the impact of 

repeated exposure (Arcury et al. 2009; Baldi et al. 2011; Berent et al. 2014; Garabrant et al. 

2009; Quandt et al. 2010). Arcury and colleagues (Arcury et al. 2009) reported changes in 

the proportion of farmworkers with detectable levels of metabolites across the agricultural 

season, although these concentrations were not associated with (1) total hours worked, (2) 

receiving pesticide safety training, (3) number of individuals living in the camp, or (4) 

number of times hands were washed per days worked. Cholinesterase activity of the 

farmworkers was also altered from one period to the next; but, the only significant predictor 

of cholinesterase activity was the number of OP and carbamate pesticide metabolites 

detected in urine (Quandt et al. 2010). In another study, a higher percentage of the exposed 

group showed inhibition of cholinesterase activity over the course of a year than controls 

(Garabrant et al. 2009). Although these studies demonstrated changes in biomarkers over 

time, investigators did not collect information regarding spray events including times of 

pesticide application, which limit understanding the relationship between exposure and 

outcomes.
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A few studies examined NB outcomes among exposed groups over time. Unlike biomarkers 

such as urinary metabolite levels or cholinesterase activity which may display recovery after 

exposure ends, NB performance may continue to show improvement over time due to 

learning or practice effects (Baldi et al. 2011; Berent et al. 2014; Butler-Dawson et al. 2016; 

Nguyen et al. 2015). However, while improvement may be found in both exposed and 

control groups, often controls demonstrate a greater improvement than exposed subjects 

(Baldi et al. 2011; Butler-Dawson et al. 2016; Nguyen et al. 2015). None of the previous 

investigations examined on a repeated basis NB performance of pesticide workers in relation 

to spray event; thus, there is a need to determine the impact of repeated exposure on both 

biomarkers of exposure and NB performance among populations exposed to pesticides.

Data presented here are part of a longitudinal study conducted in agricultural districts 

located in the Menoufia Governorate, Egypt, during 2010 and 2011. This investigation 

assessed the biomarkers of exposure and effect (Crane et al. 2013), neurological symptoms 

(Khan et al. 2014), and NB performance (Rohlman et al. 2016) among adolescents. For the 

purpose of this study, four time points over a 2-year period were selected for comparison, 

times prior to OP application cycle (early June 2010 and late May 2011) and during OP 

application cycle (July 2010 and 2011) (Table 1). These time points enabled us to (1) 

compare NB performance and exposure prior to and during the application seasons across 

two application periods, (2) examine the influence of pesticide exposure on biomarkers of 

exposure and effect and NB performance, (3) determine recovery after exposure ends, and 

(4) impact of repeated exposure. The hypothesis underlying this investigation is that 

exposure to pesticides might affect the levels of biomarkers, and these amounts might be 

restored to baseline levels after the end of exposure; on the other hand, NB performance may 

show an improvement over time, with decrement of NB performance with increasing 

amounts of exposure (TCPy levels) and fall in number of NB measures exhibiting 

improvement over time.

Methods

The pesticide application schedule for the cotton crop in Egypt followed a similar schedule 

for many years, with only minor variations depending upon pest infestation. Pesticide 

application occurs in four cycles beginning in May and ending in August. Biological growth 

stimulator is first applied, then an OP pesticide, primarily CPF, is applied, followed by one 

of the pyrethroid pesticides such as alpha α-cypermethrin or γ-cyhalothrin, and finally 

another cycle of OP pesticide application (Rohlman et al. 2016). During each cycle, 

application occurs daily in the afternoon for approximately 5 hr each day. Adolescents are 

hired during the summer to apply pesticides to the cotton crop under supervision and 

management of the Ministry of Agriculture. Adolescents apply pesticides primarily using 

backpack sprayers and may also participate in other tasks such as pesticide mixing, cleaning 

and maintaining equipment, or holding flags to mark the boundaries of the fields.

Recruitment and data collection

Participants were recruited from two districts (Al-Shohada and Berket El-Sabea’) in the 

Menoufia Governorate, Egypt (Callahan et al. 2014; Crane et al. 2013; Khan et al. 2014; 
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Rohlman et al. 2016). All pesticide applicators between 12 and 21 years of age from both 

districts were invited to participate in the study and 100% accepted. Adolescents from the 

same villages, of similar ages, who did not work for the Ministry of Agriculture were also 

recruited to participate. However, several of these nonapplicator participants may have 

applied pesticides outside of the Ministry of Agriculture in family fields, as private 

applicators, or at home. Exclusion criteria included history of diagnosed neurological or 

kidney diseases; however, none of the participants reported these conditions. Only 

participants who completed at least two of the four test sessions were included in this 

analysis.

Test sessions were conducted at the main field station in each district. During each session, a 

questionnaire was completed by each participant, containing items addressing 

demographics, work, family, and health characteristics. A battery of tests were used to assess 

NB functions, and urine and blood samples were collected for respective measurements of 

TCPy levels and cholinesterase activity. Each test session consisted of 2 days of testing; the 

first day was conducted at Al-Shohada, followed by testing at Berket El-Sabea’. Data were 

collected during the morning prior to the pesticide application in the afternoon (Table 1). All 

participants or their legal guardians signed informed consent forms. Compensation for all 

participants of approximately 1 day’s salary was provided for each test session completed. 

Approval of the study was obtained from both the Institutional Review Board at Oregon 

Health and Science University in June 2009 and by the Medical Ethics committee of the 

Faculty of Medicine at Menoufia University in July 2009.

NB testing

A range of NB functions were assessed using both computerized and individually 

administered tests. The Behavioral Assessment and Research System (BARS) was employed 

to administer the computer-based tests (Rohlman et al. 2003). Tests were selected based 

upon previous studies with adolescents and adults occupationally exposed to OP pesticides 

(Abdel Rasoul et al. 2008; Farahat et al. 2003; Kamel et al. 2003; Rohlman et al. 2014; 

Roldan-Tapia et al. 2005; Stephens et al. 1995). A battery of tests were used to assess a 

range of NB functions such as attention, response speed, memory, and coordination (Table 

3).

TCPy analysis

Urine samples were collected from the study participants at each time point to assess the 

levels of TCPy, a specific metabolite of CPF. Samples were transported from fields to 

Menoufia University Labs in Shebin Elkom, Egypt, in a cooler with wet ice. Samples were 

stored at −20°C until they were shipped to the University at Buffalo (Buffalo, NY, USA) on 

dry ice for analysis. The method of TCPy analysis was described elsewhere (Farahat et al. 

2010). This method utilizes negative-ion chemical ionization gas chromatography-mass 

spectrometry and 13C-15N-3,5,6-TCPy as an internal standard (Farahat et al. 2010). Urine 

TCPy concentrations are presented as mg TCPy/g creatinine. Jaffe reaction was used to 

measure creatinine concentrations (Fabiny and Ertingshausen 1971). The precision and 
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reliability of the method are high with an intraclass correlation coefficient of 0.997, and a 

coefficient of variation <2%.

Cholinesterase analysis

Blood samples were collected to measure cholinesterase activity at selected time points 

(Table 1). Ten-milliliters of lavender top (EDTA) vacutainer tubes were used to collect blood 

samples. The tubes were then placed immediately on wet ice and transported to Menoufia 

University to be analyzed. An EQM Test-Mate kit (EQM Research, Cincinnati, OH, USA) 

was employed to analyze acetyl cholinesterase (AChE) and butyryl cholinesterase (BChE) 

activity twice as described elsewhere (Farahat et al. 2011). This method is based upon the 

original Ellman et al. (1961) method, to determine cholinesterase activity using a portable 

analyzer among pesticide workers (McConnell et al. 1992).

Statistical analysis

SAS (version 9.3, SAS Institute, Cary, NC) was utilized for statistical analysis. The 

statistical significance level was set at .05. To construct a longitudinal model that could 

detect overall biomarkers and NB changes over time, a mixed effects model was used via 

PROC MIXED. Different within-subject covariance structures, such as compound symmetry 

(CS), unstructured, Toeplitz, and autoregressive, were employed for each NB measure. The 

likelihood ratio test, together with the Akaike information criterion (AIC) and Bayesian 

information criterion (BIC), were used for model selection (Fan and Li 2012). In all 

measures, CS was the covariate structure that yielded the smallest AIC. Linearity and 

outliers were checked by scatter and residual plots.

Candidate predictors for NB measures included urinary TCPy levels (a continuous variable 

measured at each time point); time as a categorical variable indicating the four time points; 

job status (categorical variable; applicator or nonapplicator); station of testing (Berket El-

Sabea’ or Al-Shohada); and age, BMI, and years of education at baseline. Due to the 

correlation between age and years of education, only years of education at baseline was kept 

in the model. In addition, a significant correlation was found between job status and TCPy 

levels. Thus, only the TCPy variable was used as a measure of exposure. TCPy levels were 

log-transformed since the AIC values are uniformly smaller than raw TCPy values (Morrell, 

Pearson, and Brant 1997). Hence, the regression model for NB measures included log TCPy, 

time, station, years of education, BMI, and log (TCPy) × time as predictors. For TCPy, 

AChE, and BChE, the predictors included time, job status, years of education, BMI, and 

time × job status. Main effects with p values >.1 were excluded from further model building. 

All tests were two tailed. Bonferroni correction of p values was applied to control for 

multiple comparisons.

Results

Demographic characteristics

Eighty-four adolescents (46 applicators and 38 nonapplicators) completed at least two of the 

four test sessions and were included in the study. There were no significant differences 

between the two groups regarding age, years of education, percent smokers, and distribution 
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among the two field stations, while applicators were significantly smaller in size than 

nonapplicators (Table 2). In agreement with these observations LaVerda et al. (2015) 

demonstrated that BMI was not significantly affected in pesticide applicators except for 

atrazine in the Agricultural Health Study (AHS). There were no marked changes in the 

demographic characteristics for participants at each of the four time points. Applicators 

worked an average of 3.3 years for the Ministry of Agriculture and reported applying 

pesticides 5 days a week for approximately 5 hr each day during the application season. 

Applicators of Al-Shohada reported working significantly more hours on the day of testing 

(3.8 ± 1.3) during the 2010 application season (Time 2) than Berket El-Sabea’ applicators 

(1.6 ± 0.5). This was also seen in 2011, although the difference was not significant (Time 4), 

3.3 ± 0.6 and 2.9 ± 0.9, respectively.

Chorpyrifos metabolite in urine across the four time points

TCPy levels significantly changed from one time point to the next. A significant increase 

occurred at Time 2 following CPF application in 2010 compared to Time 1, a significant 

decrease to baseline levels at Time 3 prior to CPF application in 2011, and elevation again at 

Time 4 during pesticide application in 2011. The covariates in the model showed that 

applicators exhibited significantly higher levels of TCPy across the four time points than 

nonapplicators. A significant interaction between job status and time indicates that 

differences in TCPy levels between applicators and nonapplicators occurred during CPF 

application: Time 2 and Time 4. Years of education was also significantly associated with 

TCPy concentrations, and more years of education were correlated with lower levels of 

TCPy (Figure 1, Supplement Table 1).

Cholinesterase activity across the 4 time points

BChE activity also showed marked alterations across the four time points, demonstrating 

inhibition of cholinesterase activity following exposure. BChE activity decreased at Time 2 

following application of CPF, rose at Time 3 after application ended, and then fell again at 

Time 4 during application of CPF (Figure 2a, and Supplement Table 2). Applicators 

displayed significantly lower levels of BChE activity than nonapplicators across the four 

time points. A further analysis of the interaction between time and job status indicated that 

marked differences between applicators and nonapplicators were only found during the 

application seasons, at Time 2 and Time 4. Unlike BChE, AChE activity did not show these 

changes where significant inhibition of AChE was observed only during CPF application in 

2010 at Time 2 (Figure 2b; Supplement Table 2).

Correlation between CPF metabolite and cholinesterase

A significant negative correlation was found between TCPy and BChE (r = −.67, Figure 3a), 

controlling for time and job status. The degree of correlation between TCPy and AChE was 

less than that of BChE (r = −.14; Figure 3b). The fit plot in Figure 3 demonstrates the effect–

response relationship between TCPy and both cholinesterase measures. Data indicate that 

BChE was more responsive to increasing levels of TCPy, and illustrate the inflection point at 

which a progressive inhibition of BChE started. The inflection point was 28.9 μg TCPy/g 

creatinine (which is 1.4 on the log scale in Figure 3a). The fit plot for AChE (Figure 3b) did 

not demonstrate this effect–response relationship.
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NB performance across testing times and the impact of TCPy levels

NB performance improved over time, demonstrating learning or practice effects (Table 3, 

Supplement Table 3) which were reduced over time. Supplement Table 3 shows the least-

square means of the four time points from the fixed effect model, and Table 3 presents the 

coefficients of change from each time point to the next (the middle column, Time effect) of 

each NB measure. Table 3 presents the improvement from Time 1 to Time 2 noted on 13 of 

the 16 measures, the number of measures continuing to show that improvement fell at Time 

3 (7 out of 16) and also at Time 4 (3 out of 16). Only one NB outcome (continuous 

performance test-hit latency; CPT-hit latency) demonstrated a decrease in performance after 

exposure in 2010 (Time 2), which then improved at Time 3 prior to the application of CPF in 

2011.

TCPy levels were significantly associated with seven NB outcomes (Table 3). Decrements in 

performance associated with greater TCPy levels were found in the following measures: 

continuous performance-corrected hit fraction (CPT-C-H-Fraction) and continuous 

performance-D-prime (CPT-D-Prime; attention function), time to complete trail making B 

(TrailB), symbol digit response latency (SDT-LAT; visual motor function), similarity (verbal 

abstraction function), average of right and left hand tapping (TAP-Aver; motor function), 

and Santana dominant hand (Santana-Dom; motor speed function) (Figure 4). Although not 

significant, other NB outcomes also showed a numerical decrement associated with elevated 

TCPy levels: visual motor integration (VMI) and digit span test forward (DST-F; attention 

function). Only one NB measure exhibited a significant interaction between time and TCPy 

levels: Santana dominant hand where the negative correlation between TCPy levels and 

Santana-Dom score occurred only at Time 4. The other covariates of NB performance 

included in the model were field stations and years of education. Participants from Al-

Shohada performed significantly worse on CPT-C-H-Fraction, Santana-Dom and Santana 

non-dominant hands (Santana Non-Dom), TAP-Aver, VMI, and similarities measures than 

participants of Berket El-Sabea’. Years of education was also markedly, positively associated 

with digit span reverse (DST-R), TAP-Aver, and VMI measures.

Correlation between cholinesterase activity and NB performance

Partial correlation coefficients of both BChE and AChE with NB measures, controlling for 

time of testing, urinary TCPy levels, station, job status, and years of education, found a 

significant correlation for only two out of 16 NB measures: AChE was correlated with DST-

F and Trail A, while BChE was correlated with CPT-Hit-Latency and Similarities 

(Supplement Table 4).

Discussion

Biological measures

Changes in OP metabolites across an application season among exposed subjects are 

previously reported by Crane et al. (2013). Crane et al. (2013) found that TCPy levels 

among both applicators and nonapplicators were elevated during CPF application, reached a 

maximal level at the end of the CPF application cycle, and then recovered to near baseline 

levels approximately 6 months after the end of the application season. The current study 
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expanded this time period into a second application season to examine the impact of 

repeated CPF application on TCPy levels. For both years, baseline levels of TCPy (Time 1 

and Time 3) were similar and showed a rise following application of CPF (Time 2 and Time 

4). Although other studies (Albers et al. 2004; Arcury et al. 2009; Garabrant et al. 2009) 

examined changes in exposure across the application season and noted increased exposure, 

this investigation is the first to measure exposure across two application seasons and 

demonstrate recovery to baseline levels after application ends. Cholinesterase activity, as 

expressed by both AChE and BChE levels, exhibited a similar pattern as TCPy levels. These 

findings also expand the outcomes of the 2010 season of the same study population (Crane 

et al. 2013). In the current study, BChE activity reflected alterations in exposure status and 

pesticide metabolite levels, where BChE activity was inhibited following the application of 

CPF for both seasons (Time 2 and Time 4) with a significant difference between degrees of 

blockade in applicators versus nonapplicators. BChE activity then recovered markedly to its 

baseline after the pesticide application season (Time 1 and Time 3). This confirms the 

observations from the 2010 season where both groups (applicators and nonapplicators) 

displayed significant inhibition during the CPF application cycle and started to recover after 

exposure stopped until it completely recovered after about 6 months (Crane et al. 2013). 

AChE did not exhibit this pattern, and the only significant change in AChE activity was 

inhibition following exposure in 2010 (Time 2). Similarly, Garabrant and colleagues 

(Garabrant et al. 2009) found that 58% of their exposed group experienced a 20% or greater 

decrease in BChE activity, relative to baseline, during the year of follow-up, while only 17% 

of controls had at least one measured BChE that was lower than baseline measure.

The higher sensitivity of BChE to increased urinary levels of TCPy relative to AChE was 

also readily apparent. The fit plots of both cholinesterase activity measures showed 

excessive blockade of BChE when TCPy reached an inflection point of 28.9 μg TCPy/g 

creatinine (which is 1.4 on the log scale in Figure 3a). From Figure 3a, it appears that most 

study participants did not reach this limit, and inhibition of BChE occurred only in a small 

percentage of participants who displayed higher TCPy levels. This also replicates the 

findings of the 10-month study in 2010 of this population (Crane et al. 2013), the 

investigation of adult applicators in the same community (Farahat et al. 2011), and also the 

year-long examination of adult pesticide workers (Garabrant et al. 2009). The inflection 

points of Garabrant et al. (2009) (approximately 110 μg TCPy/g creatinine) and Farahat et 

al. (2011) study (average of 114 μg/g creatinine during application) were higher than the 

inflection point in the current study (28.9 μg TCPy/g creatinine). This lower inflection point 

indicates enhanced vulnerability of adolescent applicators to high levels of CPF exposure.

NB outcomes

One difficulty with examining NB performance over multiple test sessions is that there may 

be learning or practice effects. While improvement in performance may be found in both 

exposed and control groups, often controls display greater improvement than exposed 

subjects (Baldi et al. 2011; Berent et al. 2014; Butler-Dawson et al. 2016; Nguyen et al. 

2015). Despite the use of alternative forms, many NB measures in the current study showed 

initial improvement in performance, but the amount of improvement decreased over time 

(Table 3). In spite of this improvement in NB performance from one time point to the next, 
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greater TCPy levels in the current study were associated with decrements in approximately 

half of the NB measures assessing attention, visual motor, motor speed, and verbal abstract 

functions, indicating that improvement was not at the same rate for all participants, and 

performance of high exposed participants improved at a lower rate than low exposed 

individuals. The findings of our study are consistent with previous research examining NB 

outcomes in populations exposed to OPs (Mackenzie Ross et al. 2010; Rohlman et al. 2011) 

However, a strength of the current study is the extensive characterization of exposure. 

Previous studies may use various methods for classifying exposure.

Using TCPy level as a time-variant covariate in the longitudinal analysis model provided an 

accurate estimation of the impact of short-term exposure to CPF on NB outcomes over two 

seasons, rather than merely classifying the study group according to job status into 

applicators and nonapplicators or high- and low-exposed groups (Figure 4). The observed 

NB decrement which associated with high levels of CPF metabolite was noted in other 

research in the form of different rates of practice/learning effects for farmworkers and non 

farmworkers and their children in longitudinal follow-up studies (Baldi et al. 2011; Berent et 

al. 2014; Butler-Dawson et al. 2016; Nguyen et al. 2015). The significant relationship 

between TCPy levels and almost half of the NB measures affirms the findings of the 2010 

study of the same study population. High-exposed participants demonstrated worse 

performance in 7 out of 22 NB measures than low-exposed participants (Rohlman et al. 

2016). Further, when differences between high- and low-exposed groups were tracked across 

the study, it was noted that differences in NB outcomes between groups continued to rise 

during and after application. This cumulative effect of exposure among adolescents also 

demonstrates adverse NB effects associated with repeated exposure. The positive effect of 

education on NB performance was previously presented in other studies (Abdel Rasoul et al. 

2008; Rohlman et al. 2007). Because all participants were enrolled in school, or had recently 

completed school, years of education was used as a surrogate of age. Similar to other 

investigations, data demonstrated that older subjects performed better on NB tests compared 

to younger ones. The negative association between years of education and TCPy levels 

(Supplement Table 1) may be due to additional education or experience that might protect 

them from exposure. Lower NB performance of Al-Shohada participants may be attributed 

to the more hours worked on the day of testing.

This relationship between TCPy and NB performance indicates the importance of 

quantifying the metabolite of CPF, TCPy levels in urine, as a measure of exposure. The 

prospective nature of our study and using TCPy as a quantitative measure of exposure 

provides more powerful evidence of the effect of chronic exposure to OP pesticides on NB 

performance compared to cross-sectional investigations that were not able to establish such a 

relationship (Maizlish et al. 1987; Rohlman et al. 2007; Steenland et al. 2000; Stephens et al. 

1995; Stephens and Sreenivasan 2004).

The outcomes of the current study agree with other investigations that reported a 

nonsignificant relationship between cholinesterase activity and NB performance (Burns et al. 

2013; Daniell et al. 1992; Farahat et al. 2003; Gomes et al. 1998). This raises the question 

regarding the applicability of using cholinesterase levels as a measure of effect of chronic 

exposure to OP pesticides which may include doses below those that inhibit cholinesterase 
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activity. Other mechanisms of OP chronic neurotoxicity were addressed in the literature and 

need to be considered for future work such as inhibition of the signaling cascades required in 

neuronal and hormonal inputs (Slotkin 2004) which leads to interruption of procedures of 

replication and differentiation of neurons, axonogenesis, and synaptogenesis (Curtin et al. 

2006). Genetic difference in enzymatic activity and/or their expression is another suggested 

mechanism that may differentially affect the peripheral and central neurological outcomes 

(Hofmann et al. 2010). Oxidative stress was found to act as a contributor to chronic OP-

induced neurotoxicity through inhibition of oxidative biomarkers including superoxide 

dismutase, glutathione reductase, glutathione-S-transferase, catalase, and glutathione 

peroxidase (Ali 2012). Another study found an association between exposures of flight crew 

members to OP pesticides and autoantibodies against glial and neuronal proteins that result 

from brain injury (Abou-Donia et al. 2013; Heutelbeck et al. 2016). Evidence indicates the 

need for more investigations to identify other mechanisms of deterioration in NB 

performance as a result of chronic exposure to OP pesticides (Burns et al. 2013; Li et al. 

2012).

There are several limitations in our study, which include small sample size in which the 

highest participation was 66 adolescents at Time 1, late measurement of cholinesterase 

activity at Time 2, and confounding that may have occurred due to multiple exposures to OP 

pesticides and pyrethroids in the same season. In spite of the small size of the study sample, 

changes in biomarkers across application seasons and differences between applicators and 

nonapplicators were detected. Even though there is approximately a month and half between 

measuring cholinesterase activity and NB testing Time 2, which might result in some 

regeneration or recovery of cholinesterase activity, BChE still exhibited similar inhibition on 

consecutive years (testing Time 2 and Time 4) due to exposure to CPF. Regarding 

confounding by multiple exposures to CPF and also pyrethroids, applicators in each year 

worked in both cycles of CP application as well as the cycle of pyrethroid application of the 

relevant year. In addition, pyrethorid exposures are not clearly linked with NB deficits as is 

CPF (Horton et al. 2011; Oulhote and Bouchard 2013). Consequently, pyrethroids would 

require a relatively strong relationship with NB deficits to reasonably be considered as a 

confounder, even if it is correlated with CPF exposure. Despite these limitations, the study 

has certain strengths including (1) longitudinal follow-up of the study cohort, (2) using 

standardized methods to measure biomarkers and NB performance, (3) longitudinal analysis 

of data, and (4) availability of information regarding specific pesticides that were applied. 

This study was the first to examine adolescent pesticide applicators before and during 

exposure across two consecutive seasons, and enabled us to determine alterations in 

biomarkers of exposure (urine TCPy) and effect (cholinesterase activity), and NB 

performance across four times of testing.

Conclusions

In conclusion, adolescents working in pesticide application with the Egyptian Ministry of 

Health experienced an increase of TCPy excretion during exposure at both pesticide 

application seasons, and recovery was found after exposure ended in 2010. BChE as an 

effect biomarker was inhibited during exposure and recovered several months following 

exposure. Although the learning and practice effect on NB outcomes were observed, 
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estimating TCPy at four times points provided a quantitative measure of exposure that was a 

key factor in detecting a negative impact on NB performance. There is a need to continue 

examining the neurological performance of adolescent pesticide applicators across multiple 

years to determine the impact of exposure over time.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank the Egyptian Ministry of Agriculture and the adolescents for their participation. We would like to thank 
Mahmoud Ismail, Tameem Abou Eleinin and Mohammed Fouaad, and other members of the Research Team at 
Menoufia University for their assistance with data collection. In addition, we thank Jacob Oleson, PhD, for his 
assistance in the statistical analysis of the manuscript data.

Funding

The work was supported by the Fogarty International Center and the National Institute of Environmental Health 
Sciences (R21 ES017223 and R01 ES022163). Part of this work was presented at the First Annual Occupational 
Health & Safety Research Conference, Iowa City, IA, 2016.

References

Abdel Rasoul GM, Abou Salem ME, Mechael AA, Hendy OM, Rohlman DS, Ismail AA. Effects of 
occupational pesticide exposure on children applying pesticides. Neurotoxicology. 2008; 29:833–
838. DOI: 10.1016/j.neuro.2008.06.009 [PubMed: 18662718] 

Abou-Donia MB, Abou-Donia MM, ElMasry EM, AMonro J, Mulder MF. Autoantibodies to nervous 
system-specific proteins are elevated in sera of flight crew members: biomarkers for nervous system 
injury. J Toxicol Environ Health Part A. 2013; 76:363–380. DOI: 10.1080/15287394.2013.765369 
[PubMed: 23557235] 

Albers JW, Berent S, Garabrant DH, Giordani B, JSchweitzer S, Garrison RP, Richardson RJ. The 
effects of occupational exposure to chlorpyrifos on the neurologic examination of central nervous 
system function: a prospective cohort study. J Occup Environ Med. 2004; 46:367–378. DOI: 
10.1097/01.jom.0000121127.29733.5c [PubMed: 15076655] 

Ali Z. Neurotoxic effect of Lambda-cyhalothrin, a synthetic pyrethroid pesticide: involvement of 
oxidative stress and protective role of antioxidant mixture. N Y Sci J. 2012; 5:93–103.

Arcury TA, Grzywacz JG, Isom S, Whalley LE, Vallejos QM, Chen H, Galvan L, Barr DB, Quandt 
SA. Seasonal variation in the measurement of urinary pesticide metabolites among Latino 
farmworkers in eastern North Carolina. Int J Occup Environ Health. 2009; 15:339–350. DOI: 
10.1179/oeh.2009.15.4.339 [PubMed: 19886344] 

Baldi I, Gruber A, Rondeau V, Lebailly P, Brochard P, Fabrigoule C. Neurobehavioral effects of long-
term exposure to pesticides: results from the 4-year follow-up of the PHYTONER study. Occup 
Environ Med. 2011; 68:108–115. DOI: 10.1136/oem.2009.047811 [PubMed: 21097948] 

Bazylewicz-Walczak B, Majczakowa W, Szymczak M. Behavioral effects of occupational exposure to 
organophosphorous pesticides in female greenhouse planting workers. Neurotoxicology. 1999; 
20:819–826. [PubMed: 10591517] 

Berent S, Giordani B, Albers JW, Garabrant DH, Cohen SS, Garrison RP, Richardson RJ. Effects of 
occupational exposure to chlorpyrifos on neuropsychological function: A prospective longitudinal 
study. Neurotoxicology. 2014; 41:44–53. DOI: 10.1016/j.neuro.2013.12.010 [PubMed: 24447827] 

Burns CJ, McIntosh LJ, Mink PJ, Jurek AM, ALi A. Pesticide exposure and neurodevelopmental 
outcomes: review of the epidemiologic and animal studies. J Toxicol Environ Health B. 2013; 
16:127–283. DOI: 10.1080/10937404.2013.783383

Ismail et al. Page 11

J Toxicol Environ Health A. Author manuscript; available in PMC 2017 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Butler-Dawson J, Galvin K, Thorne PS, Rohlman DS. Organophosphorus pesticide exposure and 
neurobehavioral performance in Latino children living in an orchard community. Neurotoxicology. 
2016; 53:165–172. DOI: 10.1016/j.neuro.2016.01.009 [PubMed: 26820522] 

Callahan CL, Al-Batanony M, Ismail AA, Abdel-Rasoul G, Hendy O, Olson JR, Rohlman DS, Bonner 
MR. Chlorpyrifos exposure and respiratory health among adolescent agricultural workers. Int J 
Environ Res Publ Health. 2014; 11:13117–13129. DOI: 10.3390/ijerph111213117

Crane AL, Abdel Rasoul G, Ismail AA, Hendy O, Bonner MR, Lasarev MR, Al-Batanony M, 
Singleton ST, Khan K, Olson JR, Rohlman DS. Longitudinal assessment of chlorpyrifos exposure 
and effect biomarkers in adolescent Egyptian agricultural workers. J Expo Sci Environ Epidemiol. 
2013; 23:356–362. DOI: 10.1038/jes.2012.113 [PubMed: 23321857] 

Curtin BF, Pal N, Gordon RK, Nambiar MP. Forskolin, an inducer of cAMP, up-regulates 
acetylcholinesterase expression and protects against organophosphate exposure in neuro 2A cells. 
Mol Cell Biochem. 2006; 290:23–32. DOI: 10.1007/s11010-005-9084-4 [PubMed: 16924422] 

Daniell W, Barnhart S, Demers P, Costa LG, Eaton DL, Miller M, Rosenstock L. Neuropsychological 
performance among agricultural pesticide applicators. Environ Res. 1992; 59:217–228. [PubMed: 
1425511] 

Eckerman DA, Gimenes LS, De Souza RC, Galvao PR, Sarcinelli PN, Chrisman JR. Age related 
effects of pesticide exposure on neurobehavioral performance of adolescent farm workers in 
Brazil. Neurotoxicol Teratol. 2007; 29:164–175. DOI: 10.1016/j.ntt.2006.09.028 [PubMed: 
17123781] 

Ellman GL, Courtney KD, Andres V Jr, Feather-Stone RM. A new and rapid colorimetric 
determination of acetylcholinesterase activity. Biochem Pharmacol. 1961; 7:88–95. [PubMed: 
13726518] 

Fabiny DL, Ertingshausen G. Automated reaction-rate method for determination of serum creatinine 
with the CentrifiChem. Clin Chem. 1971; 17:696–700. [PubMed: 5562281] 

Fan Y, Li R. Variable selection in linear mixed effects models. Ann Stat. 2012; 40:2043–2068. DOI: 
10.1214/12-AOS1028 [PubMed: 24850975] 

Farahat FM, Ellison CA, Bonner MR, McGarrigle BP, Crane AL, Fenske RA, Lasarev MR, Rohlman 
DS, Anger WK, Lein PJ, Olson JR. Biomarkers of chlorpyrifos exposure and effect in Egyptian 
cotton field workers. Environ Health Persp. 2011; 119:801–806. DOI: 10.1289/ehp.1002873

Farahat FM, Fenske RA, Olson JR, Galvin K, Bonner MR, Rohlman DS, Farahat TM, Lein PJ, Anger 
WK. Chlorpyrifos exposures in Egyptian cotton field workers. Neurotoxicology. 2010; 31:297–
304. DOI: 10.1016/j.neuro.2010.02.005 [PubMed: 20193710] 

Farahat TM, Abdelrasoul GM, Amr MM, Shebl MM, Farahat FM, Anger WK. Neurobehavioural 
effects among workers occupationally exposed to organophosphorous pesticides. Occup Environ 
Med. 2003; 60:279–286. [PubMed: 12660376] 

Fenske RA, Curl CL, Kissel JC. The effect of the 14-day agricultural restricted entry interval on 
azinphosmethyl exposures in a group of apple thinners in Washington state. Reg Toxicol 
Pharmacol. 2003; 38:91–97. DOI: 10.1016/S0273-2300(03)00073-4

Fiedler N, Kipen H, Kelly-McNeil K, Fenske R. Long-term use of organophosphates and 
neuropsychological performance. Am J Ind Med. 1997; 32:487–496. [PubMed: 9327072] 

Garabrant DH, Aylward LL, Berent S, Chen Q, Timchalk C, Burns CJ, Hays SM, Albers JW. 
Cholinesterase inhibition in chlorpyrifos workers: characterization of biomarkers of exposure and 
response in relation to urinary TCPy. J Expo Sci Environ Epidemiol. 2009; 19:634–642. DOI: 
10.1038/jes.2008.51 [PubMed: 18716607] 

Geiger AM, Castellino SM. Delineating the age ranges used to define adolescents and young adults. J 
Clin Oncol. 2011; 29:e492–e493. DOI: 10.1200/jco.2011.35.5602 [PubMed: 21482981] 

Gomes J, Lloyd O, Revitt MD, Basha M. Morbidity among farm workers in a desert country in relation 
to long-term exposure to pesticides. Scand J Work Environ Health. 1998; 24:213–219. [PubMed: 
9710374] 

Heutelbeck AR, Bornemann C, Lange M, Seeckts A, Muller MM. Acetylcholinesterase and 
neuropathy target esterase activities in 11 cases of symptomatic flight crew members after fume 
events. J Toxicol Environ Health Part A. 2016; 79:1050–1056. DOI: 
10.1080/15287394.2016.1219561 [PubMed: 27924713] 

Ismail et al. Page 12

J Toxicol Environ Health A. Author manuscript; available in PMC 2017 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hines CJ, Deddens JA. Determinants of chlorpyrifos exposures and urinary 3,5,6-trichloro-2-pyridinol 
levels among termiticide applicators. Ann Occup Hyg. 2001; 45:309–321. [PubMed: 11378153] 

Hofmann JN, Keifer MC, Checkoway H, De Roos AJ, Farin FM, Fenske RA, Richter RJ, Van Belle G, 
Furlong CE. Biomarkers of sensitivity and exposure in Washington state pesticide handlers. Adv 
Exp Med Biol. 2010; 660:19–27. DOI: 10.1007/978-1-60761-350-3_3 [PubMed: 20221867] 

Horton MK, Rundle A, Camann DE, Boyd Barr D, Rauh VA, Whyatt RM. Impact of prenatal exposure 
to piperonyl butoxide and permethrin on 36- month neurodevelopment. Pediatrics. 2011; 
127:e699–e706. DOI: 10.1542/peds.2010-0133 [PubMed: 21300677] 

Ismail AA, Bonner MR, Hendy O, Abdel Rasoul G, Wang K, Olson JR, Rohlman DS. Comparison of 
neurological health outcomes between two adolescent cohorts exposed to pesticides in Egypt. 
PLoS One. 2017; 12:e0172696.doi: 10.1371/journal.pone.0172696 [PubMed: 28231336] 

Kamel F, Rowland AS, Park LP, Anger WK, Baird DD, Gladen BC, Moreno T, Stallone L, Sandler DP. 
Neurobehavioral performance and work experience in Florida farmworkers. Environ Health Persp. 
2003; 111:1765–1772. DOI: 10.1289/ehp.6341

Khan K, Ismail AA, Abdel Rasoul G, Bonner MR, Lasarev MR, Hendy O, Al-Batanony M, Crane AL, 
Singleton ST, Olson JR, Rohlman DS. Longitudinal assessment of chlorpyrifos exposure and self-
reported neurological symptoms in adolescent pesticide applicators. BMJ Open. 2014; 
4:e004177.doi: 10.1136/bmjo-pen-2013-004177

LaVerda NL, Goldsmith DF, Alavanja MC, Hunting KL. Pesticide exposures and body mass index 
(BMI) of pesticide applicators from the Agricultural Health Study. J Toxicol Environ Health Part 
A. 2015; 78:1255–1276. DOI: 10.1080/15287394.2015.1074844 [PubMed: 26479458] 

Li AA, Lowe KA, McIntosh LJ, Mink PJ. Evaluation of epidemiology and animal data for risk 
assessment: chlorpyrifos developmental neurobehavioral outcomes. J Toxicol Environ Health B. 
2012; 15:109–184. DOI: 10.1080/10937404.2012.645142

London L, Nell V, Thompson ML, Myers JE. Effects of long-term organophosphate exposures on 
neurological symptoms, vibration sense and tremor among South African farm workers. Scand J 
Work Environ Health. 1998; 24:18–29.

Mackenzie Ross SJ, Brewin CR, Curran HV, Furlong CE, Abraham-Smith KM, Harrison V. 
Neuropsychological and psychiatric functioning in sheep farmers exposed to low levels of 
organophosphate pesticides. Neurotoxicol Teratol. 2010; 32:452–459. DOI: 10.1016/j.ntt.
2010.03.004 [PubMed: 20227490] 

Maizlish N, Schenker M, Weisskopf C, Seiber J, Samuels S. A behavioral evaluation of pest control 
workers with short-term, low-level exposure to the organophosphate diazinon. Am J Ind Med. 
1987; 12:153–172. [PubMed: 3661569] 

McConnell R, Cedillo L, Keifer M, Palomo MR. Monitoring organophosphate insecticide-exposed 
workers for cholinesterase depression. New technology for office or field use. J Occup Med. 1992; 
34:34–37. [PubMed: 1552378] 

Morrell CH, Pearson JD, Brant LJ. Linear transformations of linear mixed-effects models. Am Stat. 
1997; 51:338–343. DOI: 10.1080/00031305.1997.10474409

Nguyen HT, Quandt SA, Summers P, Morgan TM, Chen H, Walker FO, Howard TD, Galvan L, Arcury 
TA. Learning ability as a function of practice: does it apply to farmworkers? J Occup Environ 
Med. 2015; 57:676–681. DOI: 10.1097/JOM.0000000000000424 [PubMed: 25738949] 

Ohayo-Mitoko GJ, Kromhout H, Simwa JM, Boleij JS, Heederik D. Self reported symptoms and 
inhibition of acetylcholinesterase activity among Kenyan agricultural workers. Occup Environ 
Med. 2000; 57:195–200. [PubMed: 10810102] 

Oulhote Y, Bouchard MF. Urinary metabolites of organophosphate and pyrethroid pesticides and 
behavioral problems in Canadian children. Environ Health Persp. 2013; 121:1378–1384. DOI: 
10.1289/ehp.1306667

Quandt SA, Chen H, Grzywacz JG, Vallejos QM, Galvan L, Arcury TA. Cholinesterase depression and 
its association with pesticide exposure across the agricultural season among Latino farmworkers in 
North Carolina. Environ Health Persp. 2010; 118:635–639. DOI: 10.1289/ehp.0901492

Rohlman DS, Bodner T, Arcury TA, Quandt SA, McCauley L. Developing methods for assessing 
neurotoxic exposure in Hispanic non-English speaking children. NeuroToxicology. 2007; 28:240–
244. DOI: 10.1016/j.neuro.2006.03.021 [PubMed: 16759705] 

Ismail et al. Page 13

J Toxicol Environ Health A. Author manuscript; available in PMC 2017 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Rohlman DS, Gimenes LS, Eckerman DA, Kang SK, Farahat FM, Anger WK. Development of the 
behavioral assessment and research system (BARS) to detect and characterize neurotoxicity in 
humans. Neurotoxicology. 2003; 24:523–531. DOI: 10.1016/S0161-813X(03)00023-8 [PubMed: 
12900065] 

Rohlman DS, Ismail AA, Abdel-Rasoul G, Lasarev M, Hendy O, Olson JR. Characterizing exposures 
and neurobehavioral performance in Egyptian adolescent pesticide applicators. Metab Brain Dis. 
2014; 29:845–855. DOI: 10.1007/s11011-014-9565-9 [PubMed: 24833556] 

Rohlman DS, Ismail AA, Rasoul GA, Bonner MR, Hendy O, Mara K, Wang K, Olson JR. A 10-month 
prospective study of organophosphorus pesticide exposure and neurobehavioral performance 
among adolescents in Egypt. Cortex. 2016; 74:383–395. DOI: 10.1016/j.cortex.2015.09.011 
[PubMed: 26687929] 

Rohlman DS, Anger WK, Lein PJ. Correlating neurobehavioral performance with biomarkers of 
organophosphorous pesticide exposure. Neurotoxicology. 2011; 32:268–276. DOI: 10.1016/
j.neuro.2010.12.008 [PubMed: 21182866] 

Roldan-Tapia L, Parron T, Sanchez-Santed F. Neuropsychological effects of long-term exposure to 
organophosphate pesticides. Neurotoxicol Teratol. 2005; 27:259–266. DOI: 10.1016/j.ntt.
2004.12.002 [PubMed: 15734277] 

Slotkin TA. Cholinergic systems in brain development and disruption by neurotoxicants: nicotine, 
environmental tobacco smoke, organophosphates. Toxicol Appl Pharmacol. 2004; 198:132–151. 
DOI: 10.1016/j.taap.2003.06.001 [PubMed: 15236950] 

Smit LA, van-Wendel-de-Joode BN, Heederik D, Peiris-John RJ, Van Der Hoek W. Neurological 
symptoms among Sri Lankan farmers occupationally exposed to acetylcholinesterase-inhibiting 
insecticides. Am J Ind Med. 2003; 44:254–264. DOI: 10.1002/ajim.10271 [PubMed: 12929145] 

Srivastava AK, Gupta BN, Bihari V, Mathur N, Srivastava LP, Pangtey BS, Bharti RS, Kumar P. 
Clinical, biochemical and neurobehavioural studies of workers engaged in the manufacture of 
quinalphos. Food Chem Toxicol. 2000; 38:65–69. [PubMed: 10685015] 

Steenland K, Dick RB, Howell RJ, Chrislip DW, Hines CJ, Reid TM, Lehman E, Laber P, Krieg EF Jr, 
Knott C. Neurologic function among termiticide applicators exposed to chlorpyrifos. Environ 
Health Persp. 2000; 108:293–300.

Stephens R, Spurgeon A, Calvert IA, Beach J, Levy LS, Berry H, Harrington JM. Neuropsychological 
effects of long-term exposure to organophosphates in sheep dip. Lancet. 1995; 345:1135–1139. 
[PubMed: 7723544] 

Stephens R, Sreenivasan B. Neuropsychological effects of long-term low-level organophosphate 
exposure in orchard sprayers in England. Arch Environ Health. 2004; 59:566–574. DOI: 
10.1080/00039890409603435 [PubMed: 16599004] 

Ismail et al. Page 14

J Toxicol Environ Health A. Author manuscript; available in PMC 2017 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Changes in urinary TCPy levels across the four time points of study a, b. a The model 

included time (F = 58.1, p < .05), job status (applicators vs. nonapplicators) (F = 25.2, p < .

05), time × job interaction (F = 8.65, p < .05), and years of education (F = 9.4, p = .05).b The 

numbers on the figure indicate the differences in least-square means between time points and 

their p values.
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Figure 2. 
Changes in blood cholinesterase activity across the four time points of studya,b. aThe model 

for BChE included time (F = 17.0, p < .05), job status (applicators vs. nonapplicators) (F = 

8.3, p = .05), and time × job interaction (F = 6.4, p < .05). The model for AChE included 

only time (F = 17.0, p < .05) as p values of other covariates were more than .1. The numbers 

on the figure indicate the differences in least-square means between time points and their p 
values.
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Figure 3. 
Correlation and fit plots of blood BChE and AChE with urine TCPya. aThe straight lines in 

the graphs point to the correlation between cholinesterase and TCPy, while the bent lines 

point to the fit plots between cholinesterase and TCPy. The fit plots of BChE show 

progressive inhibition of BChE started when TCPy levels reach 28.9 μg TCPy/g creatinine 

(which is 1.4 on the log scale). The fit plots of AChE and TCPy do not show such a 

relationship.

Ismail et al. Page 17

J Toxicol Environ Health A. Author manuscript; available in PMC 2017 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Fit plots of neurobehavioral measures and urine TCPy levelsa. CPT-C-H-Fraction, 

continuous performance test-corrected hit fraction; CPT-D-Prime, continuous performance 

test D-prime; Santana-Dom, Santana dominant hand; TAP-Aver; tapping average of right 

and left hands. aThe progress of the fit plots indicates the negative correlation between 

neurobehavioral measures and TCPy levels.
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Table 1

Schedule of Application and Testing of the Four Time Points of the Study.

Time points Date Number of participants Chlorpyrifos application periods

1 June 2/3, 2010 66

2 July 14/15, 2010a 65 June 23–July 17

3 May 28/30, 2011 50

4 July 12/13, 2011 52 June 17–July 18

a
There was no cholinesterase activity testing this time, the closest one was September 4 and 5, 2010.
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Table 2

Demographic Characteristics of the Study Participants.

Nonapplicators
(n = 38)

Applicators
(n = 46)

Age (mean ± SD) 16.7 ± 2.3 16.2 ± 1.7

Years of education (mean ± SD) 10.0 ± 1.7 9.9 ± 1.9

BMI (mean ± SD) 22.0 ± 3.6 20.4 ± 2.4*

Smokers, n (%) 4 (11.1%) 2 (4.3%)

Station [n (%)] 22 (57.9%) 26 (56.5%)

 Berket El-Sabea’ 16 (42.1%) 20 (43.5)

 Al-Shouhada

*
p = .05.
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